ABSTRACT
INTRODUCTION
Group IVA cytosolic phospholipase A 2 (cPLA 2 α) is an 85-kDa enzyme, which liberates arachidonic acid from the sn-2 position of membrane phospholipids in response to inflammatory agonists (1) (2) (3) . cPLA 2 α consists of a N-terminal lipid-binding C2 domain and a C-terminal catalytic or lipase domain that is separated by a flexible linker (2, 4) . The C2 domain is ~120 amino acid module, binds to zwitterionic lipids such as phosphatidylcholine (PC) and docks to PC rich internal membranes in mammalian cells (5) (6) (7) (8) (9) in a Ca 2+ -dependent manner. Following the membrane binding and penetration of the C2 domain (10, 11) , the ~ 600 residue catalytic domain releases arachidonic acid (AA) from zwitterionic lipids (3, 12) . The generation of AA initiates pathways leading to eicosanoid synthesis, which has been implicated in heart disease (13) , asthma (14) , arthritis (15) , cancers (16) and Alzheimer's disease (17) .
The spatial and temporal translocation of cPLA 2 α to the nuclear envelope, endoplasmic reticulum, and Golgi apparatus is controlled by both cell-specific and agonist-dependent events.
Recently, two anionic lipids, C1P (18, 19) and PI(4,5)P 2 (20) (21) (22) (23) have been found to bind and activate cPLA 2 α. The molecular mechanisms regulating cPLA 2 α binding to C1P and PI(4,5)P 2 are only beginning to unravel with the C1P (24) and PI(4,5)P 2 (21, 25) binding sites being identified in the C2 domain and catalytic domain, respectively. While the cationic site in the catalytic domain is promiscuous in anionic lipid binding (21, 23, 26) , C1P is the only membrane embedded anionic lipid that has been shown to increase membrane affinity of the cPLA 2 α C2 domain (19) . Thus, it is thought that C1P acts as a coincidence detector (27) to promote the membrane docking of the C2 domain through elongating the membrane residence time (19, 24, 28) . It is known that the C2 domain is responsible for the translocation of the catalytic domain to internal membranes, thus C1P binding likely contributes to this functionality. While the binding to C1P has not been observed at supraphysiological calcium levels, these types of binding by guest, on November 9, 2017 www.jlr.org
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experiments must be done at physiologically relevant cytoplasmic calcium concentrations as C1P is completely shielded by calcium above 300 µM (29) .
To date, cPLA 2 α (19) and TNF-α converting enzyme (TACE) (30) are the only documented proteins that have been shown to bind to C1P selectively over other anionic lipids. Moreover, C1P can regulate the translocation of cPLA 2 α as well as increase its biological activity (31) . This data is intriguing as one may expect other phosphomonoesters to bind with some affinity. For instance, how does the C2 domain recognize C1P over phosphatidic acid (PA) (See Fig. 6A )?
Mutagenesis of residues in the C2 domain cationic patch (Arg 57 , Lys 58 , Arg 59 ) (See Figure 3) abrogate the C1P dependent translocation and activity in cells (31) as well as the 10-fold increase in binding affinity C1P provides when incorporated in lipid vesicles. Thus far this data is a bit muddled due to the double and triple mutants that were employed in full-length cPLA 2 α (24, 31).
In order to clarify the basis of C1P binding, single mutations of all five of the basic residues of the cationic patch (RKRTRH) were made in the C2 domain and full-length enzyme. To gain insight into the mechanism of the cPLA 2 α interaction with cell membranes containing C1P, single point mutations in the full-length protein as well as in the C2 domain were constructed to examine the importance of each residue in the basic patch in vitro and in cells. Subsequently, molecular dynamics (MD) simulations were performed with the C2 domain docking to a bilayer containing PC or PC:C1P to further elucidate the origin of C1P specificity. Taken together, this experimental and computational investigation demonstrates that a RxRH sequence adjacent to the calcium binding loops of the C2 domain mediates C1P specificity.
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MATERIALS AND METHODS
Materials
DNA mutagenesis and protein purification
The QuikChange site-directed mutagenesis kit (Agilent Technologies, Santa Clara, CA) was used to introduce mutations into the pET28a vector with a His 6 tag engineered into the Nterminus of the cPLA 2 α C2 domain gene. The manufacturer's instructions were used to perform temperature cycling using Pfu DNA polymerase. This replicates both strands with high fidelity without displacing the mutagenic primers. A mutated plasmid containing staggered nicks was generated and treated with DpnI endonuclease. This enzyme specifically digests methylated and hemimethylated parental DNA templates and selects for mutations containing synthesized DNA. The nicked DNAs were then transformed into E. Coli XL-10 Gold cells. All mutated constructs were sequenced to ensure presence of the desired mutation. The C2 domain and respective mutations were expressed and purified from E. Coli BL21(DE3) cells as previously described (10) . Protein concentrations were determined by the BCA method and aliquots of 3 mg/ml were made using storage buffer (10 mM HEPES pH 7.4, 0.16 M KCl).
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Surface Plasmon Resonance (SPR) Measurements
All SPR measurements were performed at 25°C. A detailed protocol for coating the L1 sensor chip has been described elsewhere (33, 34) . Briefly, after washing the sensor chip surface, 90 µl of vesicles containing either POPC or POPC:C1P (97:3) were injected at 5 µl/min to give a response of 6200 resonance units (RU). An uncoated flow channel was used as a control surface. Under our experimental conditions, no binding was detected to this control surface beyond the refractive index change for the C2 domain or cPLA 2 α as previously reported (9, 11, 34 were then plotted versus protein concentrations (C), and the K d value was determined by a nonlinear least-squares analysis of the binding isotherm using an equation, R eq = R max /(1 + K d /C) (36) . Each data set was repeated three times to calculate a standard deviation value.
C1P stoichiometry measurements
The cPLA 2 α-C2 domain contains only one endogenous tryptophan, Trp 71 , which lies beneath the cationic patch that has previously (24, 31) and herein been shown to bind C1P.
The stoichiometric ratio of C1P to cPLA 2 α-C2 was determined through modification of the previously established methodology as described for the C2 domain of PKCα and PI(4,5)P 2 (37 
Dodecane/ethanol lipid delivery in A459 cells
Lipids were prepared as previously described (38 Fig 4A) . In the second set of simulations, 1 C1P molecule was introduced with a different number of Ca 2+ ions bound (system names C1P 2Ca 2+ , C1P 1Ca 2+ , C1P).
System Model
First, a patch of POPC bilayer was created using the 'membrane' plugin in Visual Molecular Dynamics (VMD) (39) 
Statistical ensemble
Periodic boundary conditions were applied in the xy directions to simulate an infinite planar layer and in the z direction to simulate a multilayer system. First, the membrane system was equilibrated without the protein in both sets beginning with 10,000 steps of conjugategradient energy minimization to remove remaining steric overlaps. This was followed by 100 ps of dynamical run. Due to a lack of homogeneity of the system (presence of two types of lipids) and unavailability of experimental data about the area per lipid for C1P, simulations of the bilayers were performed with NTP ensemble with the temperature fixed at 300 K. This method is appropriate for inhomogeneous systems such as a lipid bilayer of heterogeneous composition, Ewald (PME) method was used for computation of the electrostatic forces (42, 43) with the grid spacing below 1.0 Å. All hydrogen bonds were restrained allowing a time step of 2 fs.
Docking of protein on the membrane surface
In this study, the starting orientation of the protein with respect to the membrane in both the sets was the same as the experimentally validated binding orientation with POPC (44, 45) .
Ca 2+ ions were also kept intact as found in the crystal structure (46) . Ca 2+ ion 2 was removed in simulations involving 1 Ca 2+ ion as Ca 2+ ion 2 has been shown to regulate enzyme activity and Ca 2+ ion 1 has been shown to regulate membrane binding (11) . The penetration of protein into the membrane was also carefully emulated by translation of the protein along the z-axis. Some translations of the lipids in the xy plane and rigid-body rotations around the z-axis were also performed to eliminate unfavorable contacts and atomic overlaps. Additional water was added on the top of the protein-lipid system to create a layer of 15 Å above the upper most atom (with the highest z-coordinate) of the protein. Counter ions were added to ensure the electroneutrality of the system. The remaining poor contacts or overlaps between the protein and lipid atoms were removed by minimizing the energy of the system by 10,000 steps of conjugate-gradient minimization followed by a dynamical simulation run of 10 ns.
Force-field parameters
The antechamber tool (47) from Amber 7 (48) was used to parameterize C1P along with POPC. Antechamber is a set of auxiliary programs that can be used to efficiently identify bond and atom types, judge atomic equivalences, assign partial atomic charges, generate residue by guest, on November 9, 2017 www.jlr.org Downloaded from topology files and finally create force-field parameters on the basis of the above information.
Generalized amber force-field (GAFF) (49) parameters were used and AM1-bond charge correction (AM1-BCC) was used for generation of high-quality atomic charges. After the preparation of the input coordinate and topology files with Amber, NAMD 2.5 (50) was used for carrying out all molecular dynamics simulations. An explicit atom representation for all atoms, including both heavy atoms and hydrogens, was implemented. This representation yields a force field that does not require an artificial non-isotropic dielectric constant to remain stable and accurately represents all atoms over the course of the simulations. 
Computing observables from MD simulation
Homology and sequence alignments
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The cPLA 2 α C2 domain sequence was defined as residues 1-130 for the searching parameters. Homology among other organisms was investigated using a non-redundant protein-protein Basic Local Alignment Search Tool (BLAST) with no excluded organisms on the default search parameters. Percent identity was calculated for the proteins compared to residues 1-130 of the query search by BLAST. The range of organisms was selected based on their diversity and is not inclusive of all organisms containing the basic sequence highlighted.
To locate other C2 domains containing the RxRH motif, the Conserved Domain Database (CDD) engine on NCBI was utilized to aggregate C2 domain sequences (cd00030). At this point the search was not limited to any particular organism. Once a positive hit was found, the Homo sapiens analog was found using BLAST. Sequences also found in Homo sapiens containing the RxRH motif were input into Figure 8F . The search parameters did not include all C2
domains, but rather is limited to the subset included in the CD model under cd00030 that contained a reasonable sequence in Homo sapiens as of July 2012.
RESULTS
cPLA 2 α-C2 domain C1P binding specificity is determined by Arg 59 , Arg 61 , and His
62
The preferential binding of cPLA 2 α to zwitterionic lipids such as PC is well established (10, 45) , as is the increased binding affinity for C1P containing vesicles over PC membranes (19, 24, 31) . To quantify the strength and selectivity of binding to these lipids the equilibrium binding constant (K d ) for WT cPLA 2 α-C2 and single point mutations was determined using SPR for POPC or POPC:C1P (97:3) vesicles, which are tethered intact on a L1 sensor chip. The WT protein bound to C1P vesicles 10 times stronger than to POPC vesicles alone (See Fig. 1D and E), while R57A and K58A displayed small reductions (1.5-and 2-fold, respectively) in binding C1P containing vesicles ( Figure 1D and E) suggesting a nonspecific or weak electrostatic role in C1P binding. To calculate the stoichiometric ratio of C1P to cPLA 2 α-C2, tryptophan fluorescence was used as cPLA 2 α-C2 has an endogenous tryptophan near the basic patch that is quenched as the molar ratio of C1P increases in concentration. As vesicles containing POPC:POPE:C1P (50:40:10) were titrated into a fixed concentration of cPLA 2 α-C2, quenching was measured until no further change was detectable. The stoichiometry of binding was calculated as previously described by fitting the rise and saturation phases of the fluorescence data (37) . The intersection of the lines gave a ratio of 1:1.16 ± 0.13, which is approximately 1 C1P to 1 cPLA 2 α-C2 ( Figure 2 ). This data was further confirmed using vesicles containing 5% C1P, which yielded a ratio of 1.02 ± 0.14 (data not shown). Spatially, this result is logical considering the size and overall topology of the cationic patch. In addition, MD simulations also suggest the binding of 1 C1P by the cationic patch (see below). increase were analyzed for WT and mutants using confocal microscopy. While mutants R57A
and K58A ( Figure 3A and B) show a slightly decreased ability to translocate to membranes, mutations of distant basic residues R26A and K29A ( Figure 3A ) did not have a statistically significant effect ( Figure 3B ). 
C2 orientation of binding with and without C1P
To assess the importance of Ca 2+ in docking the cPLA 2 α-C2 domain to membranes and to discern the effect of C1P on this binding, we performed MD simulations with and without Ca 2+ and C1P. In this study, the starting orientation of the protein with respect to the membrane in both simulation sets was the same as the experimentally validated binding orientation with POPC (44) . Ca 2+ ions were also kept intact as they were solved in the crystal structure (46) . In situations where a single Ca 2+ was used in the simulations, Ca 2+ ion 2 was removed.
The simulations resulted in both predicted and other potentially important mechanistic results. When POPC and Ca 2+ were present, the domain formed a stable complex with the bilayer with only a small deviation from the binding orientation ( Figure 4B ). This was in agreement with previous experimental (5, 9, 51) and computational (52) studies. In fact, when the Ca 2+ ions were removed from the system, the domain showed very little affinity for the bilayer and drifted away by 5 Å in the first 4 ns, further validating the accuracy of protein-lipid interface in this model system. As shown in Figure 4B , the domain then remained away from the bilayer for the remainder of the simulation time. When C1P was introduced into the bilayer, in the presence of Ca 2+ the domain formed a steadfast protein-membrane complex ( Figure 4C ).
Interestingly, the domain showed even less deviation after 6 ns from the binding orientation than with just POPC, suggesting that the domain forms a more stable complex (i.e. higher membrane affinity), which further supports the SPR results, cellular studies, and previous findings (19, 24, 28, 31) . In addition, C1P further strengthened the binding of the C2 domain in the absence of 1 Ca 2+ ion demonstrating its role in promoting C2 domain docking to zwitterionic membranes.
Hydrogen bonding between β-groove basic residues and C1P
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A further examination of the interface between the cPLA 2 α-C2 and the bilayer revealed the presence of multiple hydrogen bonds between cationic residues and the C1P headgroup ( Figure 5A and C). These cationic residues are located in the cationic patch pictured in Figure   3C . Interestingly, the H-bonding is most significant for Arg 59 , which H-bonds with the phosphomonoester headgroup and the backbone hydroxyl of C1P (See Fig. 5C These results provide experimental evidence regarding the importance of the sphingosine backbone hydroxyl group of C1P as an interaction determinant of the C2 domain ( Figure 5C ).
As His 62 was shown to hydrogen bond to C1P in the MD simulations, we sought to experimentally assess the pH dependency of this interaction compared with PC and PI(4,5)P 2 .
Previously, His protonation at acidic pH has been shown to enhance the affinity of a number of phosphoinositide binding domains for phosphoinositides (53) . 
The C2 domain tilts toward the membrane to bind C1P
To further characterize the interfacial membrane interaction that cPLA 2 α-C2 domain forms in the presence of C1P, we also examined the binding orientation in the absence and presence of C1P. Recently, electron paramagnetic resonance (EPR) (44, 54, 55) and X-ray by guest, on November 9, 2017 www.jlr.org Downloaded from reflectivity (45) studies have elucidated the cPLA 2 α-C2 domain orientation in the presence of POPC lipids; however, the orientation when C1P is present in the membrane is still unknown.
We found that starting with the same orientation (44) as that with only POPC, the domain tilts by ~10° toward the bilayer over the course of the simulation in the presence of C1P (Figure 7 ). This tilting facilitates formation of stable H-bonds between cationic residues and the C1P headgroup.
This observation is further supported by the fact that the C1P head group is much smaller in size than POPC head group, is thought to be more deeply buried, and at physiological pH the C1P acyl chains have been found to tilt away from the surface normal of the monolayer (56 Figure 7B ), which has previously been shown for Lys and Arg residues in peptides that bind PA (57).
DISCUSSION
cPLA 2 α-C2 has previously been shown to deeply penetrate PC membranes in a Ca 2+ dependent manner (10, 44, 45) . Ca 2+ has been shown to act as an electrostatic switch, which reduces the negative charge surrounding calcium-binding loops and significantly reduces the desolvation penalty (58) associated with membrane insertion. This allows the C2 domain to deeply insert into zwitterionic membranes and also drive cellular localization (7, 9, 59) . Most phospholipids contain a larger headgroup than C1P through the attachment of another molecule meaning that phosphomonoester lipids (i.e. C1P and PA) are likely spatially embedded deeper into the membrane interface. This is an important point in C1P binding as although C1P doesn't induce C2 domain membrane penetration (28), the current study demonstrates that membrane penetration is a prerequisite for the β-groove to contact the C1P headgroup. Therefore, in order for peripheral proteins such as the C2 domain to bind to C1P specifically, they must penetrate deeply into the membrane. It has been reported that C1P has the ability to impact both the activity and the association of cPLA 2 α (18, 24, 31), but much less is known about the molecular by guest, on November 9, 2017 www.jlr.org Downloaded from basis of C1P recognition by the C2 domain. In this study, we have characterized the molecular mechanism of C1P recognition by the C2 domain of cPLA 2 α using in vitro biophysical assays, cellular translocation studies and MD simulations.
It is established that the C2 domain of cPLA 2 α binds specifically to membranes in a Ca 2+ dependent manner, while the catalytic domain binds to membranes independent of Ca 2+ albeit weakly (6, 25) . This functionality allows the C2 domain to act as a Ca 2+ sensor in cells. Since the translocation of cPLA 2 α was significantly reduced when C1P binding residues where mutated, we show that the cellular membrane binding capabilities of cPLA 2 α-C2 are not only Ca 2+ dependent, but also appear to rely on the domain's ability to specifically interact with C1P
( Figure 3A and B). The increased affinity for C1P greatly affects the protein's ability to stably localize to internal membranes, which is presumed to have a direct impact on the catalytic domain's ability to produce AA.
At first sight, C1P and PA look structurally very similar (Fig. 6A ), but note that there is a hydroxyl group on the sphingosine backbone capable of hydrogen bonding in C1P that is not present in the glycerophospholipid PA. Through the production of single mutations, the experimental data demonstrates that Arg 59 , Arg 61 and His 62 are essential for in vitro affinity for C1P ( Figure 1D and E). The MD simulations confirm C1P's contribution to membrane binding and provide further insight regarding the importance of Arg 59 , Arg 61 and His 62 to C1P binding (Figures 4-6 ). With this experimental and computational data, we modeled the binding site for the cPLA 2 α-C2 C1P interaction ( Figure 5 ). Notice that Arg 59 coordinates the hydroxyl group that is specific for C1P over PA in addition to the headgroup phosphate. This interaction was further validated using deoxy-C1P, a synthetic C1P derivative lacking the hydroxyl group on the sphingosine backbone ( Figure 6 ). The additional interaction with the backbone hydroxyl group supports the specificity of the C2 domain for recognition of C1P over PA as demonstrated in earlier studies (19) as the C2 domain or cPLA 2 α do not exhibit enhanced affinity or cellular demonstrated that due to its small phosphomonester headgroup C1P would be slightly buried and also titled in a membrane at physiological pH (56) . Since cPLA 2 α-C2 binds to PC membranes in a Ca 2+ dependent manner, we hypothesize this docking serves to allow the protein to sample the membrane for C1P. Upon locating a C1P, the domain locks down though a 10° shift toward the membrane ( Figure 7C ). This shift increases the number of interactions with C1P and also enhances hydrophophobic interactions with the membrane for the adjacent calcium-binding loop. Because the C2 domain binds to membranes with increased affinity, it orients the catalytic domain close to its corresponding substrate and also elongates the membrane residence time of the enzyme (19, 28) . Our results confirm the previous reports that cPLA 2 α-C2 binds with ~ 10-fold higher affinity to membranes containing C1P and support the notion that C1P would negligibly increase or induce membrane penetration (28) but rather maximize hydrophobic contacts when bound to C1P. This also supports a mechanism where by guest, on November 9, 2017 www.jlr.org
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docking to PC drives the binding while C1P serves as a coincidence detector to maximize cellular localization to sites enriched with C1P.
A large number of peripheral proteins and lipid binding domains act as coincidence detectors (62, 63) . These proteins contain either multiple lipid binding sites or the ability to recognize a membrane physical property such as charge or curvature in addition to a key target lipid. The role of coincidence detection in C2 domains was first suggested by Fukuda and coworkers who demonstrated the ability of the C2B domain of synaptotagmin II and IV to bind inositol polyphosphates (64) . Subsequently, several C2 domains were identified to bind phosphoinositides through their β-groove cationic residues ( Fig. 8C and D) in both Ca 2+ -dependent and -independent modes (65). Binding to PI(4,5)P 2 is the most common ascribed function of this patch in C2 domains but binding can often be nonselective for anionic lipids as the cationic patch is exposed, highly charged, and contains a less defined pocket than selective PI-binding domains (53) . In contrast, the C2 domain of cPLA 2 α is selective for C1P over other anionic lipids (19) , which is supported by in vitro and cellular studies but also a distinct β-groove structure (Fig. 8A) . The C2 domain of cPLA 2 α lacks consensus PI-binding residues in both presence and position ( Fig. 8A and S1 ) among C2 domains. The C1P binding site is localized to β strand 3 in the C2 domain and is sequential in nature whereas PI-binding sites in PKCα (Fig.   8C or S1) and other C2 domains (Fig. 8D or S1 ) are composed of charged and aromatic residues from β strands 3 and 4 as well as the adjacent calcium binding loop ( found in a similar position in at least 2 other C2 domains (Fig. 8F) . This includes the C2 domains of UV resistance-associated gene (UVRAG, alternatively called p63) and regulator of G-protein signaling 3 (RGP3) ( Figure 8F) . Recently, the structure of RGP3 was solved (PDB ID: 3FBK) which harbors a similar site for the RxRH motif on the interfacial binding surface of the β-groove (Fig. S2) . Interestingly, preliminary studies with UVRAG indicate its ability to bind C1P
(Stahelin RV and Chalfant CE, unpublished data) suggesting a subset of C2 domains may bind C1P. Recently, TACE has been shown to bind C1P specifically over PA and sphingonsine-1-phosphate (30) . Although the origin of TACE C1P specificity is unknown, TACE harbors several conserved cationic patches (RxRH like sequences) (30) . Future work will be needed to characterize proteins such as TACE, which will aid in the full characterization of the molecular variability in the cationic cluster of selective C1P binding proteins. To date, the origin of specificity has not been shown for proteins or cationic peptides that bind PA (66, 67) ; however, in many cases binding to C1P has not been tested. In closing, this study should provide a framework to discover and characterize new C1P binding proteins to better understand binding to the small phosphomonoester headgroup. 
